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We studied the electrical properties in Fe–Al2O3 granular ﬁlms when the injected direct current or bias
potential are varied in the low-ﬁeld regime (eDV5kBT). Measurements of the electrical resistance as a
function of temperature and applied bias at different temperatures were performed. We found that the
electrical properties are best described using variable range hopping. The variation in resistance
showed unexpected characteristics in distinct regions of potential. These regions of potential could be
due to modiﬁcation of the electronic localization length. We have shown that the electrical resistance
decreases when the applied bias and/or current increases. We associate this behavior of the resistance
with the activation of new electronic paths. The total resistance of our samples is reduced as additional
parallel electronic paths are formed.
& 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
The electrical properties of metal/insulator granular systems,
i.e., composites that consist of metallic grains embedded in an
insulator matrix [1–3], have been extensively studied by many
groups due to some interesting phenomena observed such as
tunnel magnetoresistance and the giant Hall effect [4–8]. In
metal/insulator granular systems, the electrical current is due to
electrons tunneling between grains. In these systems, there are
two regimes of electronic transport: the low-ﬁeld regime, where
the thermal energy is much higher than the electrical potential
energy between grains and the high-ﬁeld regime, where the
thermal energy is lower than or equal to the electrical potential
energy between grains [1].
We have been interested in studying the inﬂuence of the
electrical current and/or bias potential on the electrical and
magnetotransport properties of metal/insulator granular thin
ﬁlms. In previous works, we have reported a strong dependence
of the magnetoresistance on the applied electrical current [8],
presented a discussion about the modiﬁcation of the electrical
properties of Fe–Al2O3 granular ﬁlms and veriﬁed that the
electrical resistance exhibited large changes when the current
was increased [9]. In the present article, we continue these
discussions and present a more detailed and systematic study
of the resistance as a function of the applied bias potential and
as a function of temperature in Fe–Al2O3 granular ﬁlms in the.
.
sevier OA license.low-ﬁeld regime. For the ﬁrst time, we have shown that the
modiﬁcation of localization length can be associated with the
modiﬁcation of the electrical resistance in the resistance vs.
voltage curves on metal/insulator systems.2. Experiment
The Fe–Al2O3 ﬁlms were fabricated by the coevaporation of Fe
and Al2O3 at room temperature in a system with a base pressure
better than 1108 mbar, using pre-oxidized Si wafers as sub-
strates. A computer controlled quartz balance monitored both the
thickness and the deposition rates. Rutherford backscattering
spectrometry, using 1.5 MeV particles, conﬁrmed that our set of
1000 A˚ thick samples had average metal volume fractions (x) of
0.27, 0.33, 0.41 and 0.48 and that the samples with x¼0.27 and
0.48 were more homogeneous. Room temperature X-ray diffrac-
tometry showed that Fe arranged itself into grains of body-
centered-cubic (bcc) structure and 4.3 nm mean size within the
amorphous Al2O3 matrix.
Resistance (R) as a function of temperature (T) for tempera-
tures ranging from 4.2 to 300 K were obtained using a four-point
method by applying a direct current and monitoring the change in
voltage (V) of a current-in-plane geometry. The resistance was
obtained using R¼V/I, and the R vs. V measurements were
obtained using a voltage ranging from 0 to 20 V.
To estimate the electrical potential energy relative to nearest
grains, we assumed that the distance between two neighbor
grains is around 40 A˚, that the distance between the electrodes
was 1 mm and that the applied potential was 20 V. Consequently,
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was estimated to be less than 0.2 mV, which is smaller than kBT
(kB is the Boltzmann constant). This indicates that even for an
applied potential of 20 V, the low-ﬁeld regime assumption
probably holds.3. Results and discussion
The behavior of R as a function of T in the granular thin ﬁlms is
described by the following equation [1,2]:
R¼ R0 expðT0=TÞa ð1Þ
where T0 depends on the metallic concentration and a can assume
values of 1/2 for thermally activated hopping [3] and 1/4 for variable
range hopping [10]. Fig. 1a presents the Ln R vs. T1/2 plots and the
ﬁtting curves using thermally activated hopping. Fig. 1b presents the
Ln R vs. T1/4 plots and the ﬁtting curves using variable range
hopping. We have found that the variable range hopping better
represents our samples. In the variable range hopping approach, the
parameter T0 is given by T0¼18.1/(kBg0x3) [10], where g0 is the
constant Mott density of states and x is the localization length.
In the experiment with bias potential, we observed a decrease
in the resistance with increase in voltage for all the samples,
which is a known characteristic of metal/insulator granular thin
ﬁlms. Room temperature measurements of R vs. V for the samplesFig. 1. (a) Ln R as a function of T1/2 and (b) Ln R as a function of T1/4 for the
samples with x¼0.27, 0.33, 0.41 and 0.48.
Fig. 2. R vs. V for the sample with x¼0.33: (a) T¼273 K and (b) T¼200 K.with x¼0.33 and 0.41 are shown in Figs. 2a and 3a, and those at low
temperature are shown in Figs. 2b and 3b. The sample with x¼0.48
showed the behavior similar to the samples of Figs. 2 and 3.
A more careful analysis of Figs. 2 and 3 shows that the R vs. V
plots can be divided into three regions with respect to
the different behaviors of R: (i) a low-voltage region, where
R decreases slowly; (ii) an intermediate voltage region, where
R decreases rapidly and (iii) a high-voltage region, where R again
decreases slowly. We also observed that at low temperature this
behavior is more pronounced (Figs. 2b and 3b). These character-
istics of the R vs. V plots are unexpected and, to the best of to our
knowledge, with the exception of Ref. [8], there are no works
reporting similar effects.
To better understand the behavior of our samples, we return to
the results of R vs. T when the injected current is increased. In
Fig. 4, Ln R vs. T1/4, taken from Ref. [9], is shown for the sample
with x¼0.33 for different direct currents. The solid lines show the
curves ﬁt using Eq. (1). All resistances extrapolate to the near
values for temperatures above 100 K and to another value below
20 K. At temperatures varying from 20 to 100 K the resistance
values are very different when the current increases. For
I¼500 nA and 1 mA, R and T0 display a small decrease correspond-
ing to the low-voltage region in Fig. 2; for I¼10 and 25 mA, R and
T0 show a signiﬁcant decrease, corresponding to the intermediate
voltage region in Fig. 2. We assume that variable range hopping
continues to be valid when the current increases but that the
localization length is modiﬁed. The behavior of T0 can be asso-
ciated with a variable range hopping mechanism and with a
larger localization length.
Fig. 5 shows R as a function of T measured for the sample with
x¼0.27 for different injected currents. At T4100 K, the resistance
shows little variation when the injected current is varied, which
Fig. 4. Ln R as a function of T1/4 for the sample with x¼0.33 using different direct
currents.
Fig. 5. R as a function of T for sample with x¼0.27 using different direct currents.
Table 1
T0
1/4 obtained for the sample with x¼0.27 with ﬁtting using Eq. (1).
I (mA) T01/4 (K1/4)
1 31.9870.07
3 31.8670.05
5 31.8770.05
8 30.8570.01
Fig. 3. R as a function of V for the sample with x¼0.41: (a) T¼273 K and (b) T¼106 K.
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with x¼0.27, the same as presented in Figs. 2 and 3. At To100 K,
a differs from 1/4 as observed in Fig. 1b.
Curve ﬁts using Eq. (1) were also realized for 100–150 K, and
the values of T0
1/4 are shown in Table 1. The same analysis wasapplied to the sample with x¼0.48 and it was veriﬁed that T01/4
decreased from 7.2570.04 K1/4 for I¼1 mA to 6.4770.06 K1/4 for
I¼1.5 mA, respectively. We have found that T01/4 decreases slowly
towards the low-voltage region as the current increases.
Our results demonstrated that R decreases as V or I is increased;
the localization length increases when I increases and R vs. V plots can
be divided into three regions with respect to the different behaviors
of R and with different values of the localization length.
We interpreted these results as activation of new paths
between grains when the injected current or applied bias poten-
tial are increased. These paths have different hopping distances
that increase with the localization length. In the low-voltage
region, the new paths are characterized by tunneling between
neighboring grains. In the intermediate voltage region the new
paths form are between more-distant grains. When the new
electronic paths in parallel are turned on, the total resistance of
the sample decreases, analogous to the way the resistance of an
electronic circuit decreases with resistors in parallel.4. Conclusions
In our study, we found that the electrical properties of
Fe–Al2O3 granular ﬁlms are better described using variable range
hopping than thermally activated hopping. The R vs. T measure-
ments taken at different currents showed an increase in the
localization length as the current is increased.
We veriﬁed that the electrical resistance decreases when the
current or bias potential increase and that the R vs. V curves are
characterized by three regions that depend on the metallic concen-
tration and the temperature. Theses regions are characterized
by different regimes of resistance: (i) a low-voltage region, where
R decreases slowly; (ii) an intermediate voltage region, where
R decreases rapidly and (iii) a high-voltage region, where R decreases
slowly. We suggest that the modiﬁcation of length localization can be
associated with these regions. In the low-voltage region the length
localization increases slowly, whereas in the intermediate voltage
region, the localization length increases rapidly. It is important to
remember that when the localization length increases the probability
of tunneling between distant grains is large.
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paths between grains when the applied bias potential or applied
direct current is increased. In the low-voltage region, the new
paths are between neighboring grains and in the intermediate
voltage region the new paths are between more-distant grains.
The new paths form as resistances in parallel in the electronic
circuit, decreasing the resistance of our samples.
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